Herein, we report a new and facile method for fabricating TiO 2 @mesoporous carbon hybrid materials. Uniform polydopamine (PDA) layers were coated onto the surface of titanate nanotubes (TNTs) and TiO 2 nanorods (TNDs) through the spontaneous adhesion and self-polymerization of dopamine during the dipping process. Core-shell mesoporous carbon nanotubes with TiO 2 nanorods or nanoparticles encapsulated inside (TiO 2 @MC) were then obtained by transforming PDA layers into carbonaceous ones through calcination in nitrogen at 800 • C. The thickness of the mesoporous carbon layers is tens of nanometers and can be controlled by adjusting the coated PDA layers through the self-polymerization reaction time. In addition, three-layered nanocomposites of TiO 2 @MC@MO (MO, metal oxide) can be readily prepared by utilizing PDA layers in TNTs@PDA or TNDs@PDA to adsorb the metal ions, followed by the calcination process.
Introduction
TiO 2 has attracted enormous interest for energy and environmental applications due to its electrochemical behavior, excellent chemical stability, low toxicity, abundance, and low cost [1] [2] [3] [4] [5] [6] [7] [8] . With the vast need for efficient energy storage and increasing environmental pollution it has been widely used as a photocatalyst for degradation of environmental pollutants [9] [10] [11] [12] [13] [14] [15] and water splitting [16] [17] [18] [19] , as a photovoltaic material for solar energy conversion [20] [21] [22] [23] [24] [25] , and in electrochromic devices for energy storage [26] [27] [28] [29] [30] [31] [32] , etc. However, the highly efficient use of TiO 2 is sometimes prevented by its wide band gap. Doping TiO 2 nanomaterials with other elements (B, F, N, C, Fe, Ag, etc) can improve the charge-transfer properties between TiO 2 and the surrounding environment, thus enhancing the performance of TiO 2 -based nano-devices [33] [34] [35] .
Owing to their wide availability and superior physical and chemical properties, such as electrical conductivity, thermal conductivity and chemical stability [36] , carbonaceous nanomaterials, including mesoporous carbons [37] , graphitic carbon layers [38] , carbon nanofibers [39] , and graphenes [40] [41] [42] [43] have been widely used to enhance the properties of TiO 2 in photocatalytic [44] [45] [46] , energy conversion and storage [47] [48] [49] applications. For example, Wang et al [50] prepared a novel composite with tubular and rod-like TiO 2 nanomaterials homogeneously deposited along the surface of carbon nanosheets by the intercalation of titanium tetraisopropoxides into the layered graphite oxides, which exhibited both good adsorbing ability and excellent photocatalytic activity toward organic dyes. Lu et al [51] prepared titania/carbon nanocomposites via in situ carbonization of furfuryl alcohol on mesoporous titania whiskers, and the as-prepared composites showed enhanced capacitance behavior and fast ion response at high scan rates. Wiesner et al [52] employed a pentablock terpolymer as a structure directing agent to obtain porous carbon@titania nanocomposites through hydrolytic sol-gel routes. Subsequently they [53] also reported the one-pot synthesis of nanostructured, porous and highly crystalline anatase TiO 2 -carbon composites by using diblock copolymers as structure directing agents. These nanocomposites demonstrated high capacity and stable cycle performance when used as anodes in Li ion batteries. Generally, the synthesis techniques for these carbon@TiO 2 nanocomposites include the sol-gel process [43, 54] , hydrothermal or solvothermal synthesis [47, 51] , and chemical vapor deposition (CVD) [55] [56] [57] .
These nanofabrication methods mentioned above have offered several distinct advantages in fabricating carbon@TiO 2 hybrid materials. However, they also suffer from one or other drawbacks regarding their complex or multiple stages, rigorous reaction conditions or unstable precursors. For instance, sol-gel processing usually needs the hydrolysis of transition metal alkoxide precursors, and the processes generally demand precise control over many experimental parameters such as pH, temperature or the presence of anions or surfactants in the reaction system. The CVD method requires high-temperature treatment and special equipment. The structure directing agents of polyelectrolytes and block copolymers require tedious synthetic and purified procedures. Most importantly, these methods are generally limited to the preparation of two-component carbon@TiO 2 hybrids, and are difficult to extend to preparing three-component multifunctional nanocomposites. Therefore, it is highly desirable to develop a facile, versatile nanofabrication technique to synthesize carbon@TiO 2 hybrids as well as three-component nanocomposites.
Herein, we report a facile method for fabricating carbon-based hybrid nanomaterials by using dopamine as the carbon source. Dopamine, which contains catechol and amine functional groups, is a unique molecule mimicking the adhesive protein. In 2007, Lee et al [58] reported that dopamine could self-polymerize under a specific buffer solution (Tris, pH 8.5) and spontaneously deposited a surface-adherent multifunctional polydopamine (PDA) film onto a wide variety of material surfaces including noble metals, oxides, polymers, semiconductors and ceramics. The thickness of such a conformal coating film could be precisely controlled from a few nanometers to 50 nm. Inspired by this amazing work, we herein develop a two-step solution-based deposition method for the preparation of TiO 2 @MC and TiO 2 @MC@MO composites. The overall synthesis procedure is illustrated in scheme 1. A PDA layer was spontaneously coated onto the surface of titanate nanotubes (TNTs) or TiO 2 nanorods (TNDs) through the selfpolymerization of dopamine under Tris buffer (pH 8.5) just by simply putting the nanomaterials into the dopamine solution. Subsequently, the PDA layer was converted into mesoporous carbon with uniform pore size of 3.9 nm by calcination in nitrogen at 800 • C. Through such a carbonization process, a core-shell nanocomposite of TiO 2 @MC with inner anatase TiO 2 nanoparticles and an outer mesoporous carbon shell was obtained. In addition, PDA could further serve as a versatile functional layer to immobilize various metal ions, and thus a core-shell-corona three-layered nanocomposite of TiO 2 @MC@MO (M = Sn, Ce) with the outmost metal oxide (MO) corona was prepared by the subsequent calcination process.
Experimental section

Materials
TNTs and TNDs were prepared according to the previous reports [59, 60] . Dopamine·HCl was purchased from Acros Organics. 2-Amino-2-hydroxymethyl-propane-1,3-diol (Tris) was purchased from Alfa Aesar. All other reagents were purchased from Shanghai First Reagent Co. and used as-received.
Preparation of TNTs@PDA and TNDs@PDA
In a typical experiment, 50 mg TNTs was added to 250 ml deionized water, and the mixture was sonicated for 30 min. Dopamine·HCl (300 mg) and 180 mg Tris were added to the TNT solution and subsequently sonicated for 10 min. The resulting fine suspension was magnetically stirred at room temperature (25 • C). After a certain time, the suspension was centrifuged at 10 000 rpm for 10 min, the supernatant was discarded and the remaining pellet was washed with deionized water three times before finally drying the TNTs@PDA composite in a vacuum at 50 • C. TNDs@PDA were prepared by the same method.
Carbonization of the PDA layer
The dried TNTs@PDA and TNDs@PDA were calcined at 800 • C for 3 h under flowing nitrogen at a heating rate of 5 • C min −1 . When the temperature returned to room temperature naturally, the final products, TNTs@MC and TNDs@MC, were obtained.
Synthesis of TiO 2 @MC@MO composites
Typically, the metal salts of SnCl 4 and Ce(NO 3 ) 3 were dissolved in 20 ml ethanol (forming a 0.3 M solution). The desired weight of TNTs@PDA (or TNDs@PDA) was then dispersed in the above-mentioned metal salt solutions under ultrasonication. After ultrasonication for 10 min, the solution was stirred at room temperature for 2 h to ensure the saturation adsorption of the metal salt into the PDA coating layer. The solid sample was centrifuged from the solution, washed with ethanol and then dried in a vacuum at 60 • C for 12 h. TiO 2 @MC@MO composites were obtained by calcinating the samples at 800 • C for 3 h under flowing nitrogen at a heating rate of 5 • C min −1 .
Characterizations
Transmission electron microscope (TEM) images were taken with a JEOL-2010 TEM instrument with a acceleration voltage of 200 kV. Scanning electronic microscope (SEM) images were taken with a JEOL 7401F field emission scanning electronic microscope equipped with an energydispersive x-ray analyzer, and the accelerating voltage was 1 kV. X-ray diffraction (XRD) was recorded on a Rigaku D/max-2200/PC spectrometer with a Cu Kα radiation source 60 nm and 175 nm, respectively. TGA also provides some quantitative information on the content of the PDA layers ( figure S4 and table S1, in supplementary data available at stacks.iop.org/Nano/23/325602/mmedia) according to the weight loss percentage before the saturation. Evidently, the thickness and content of the PDA layer are highly dependent on the reaction time of dopamine.
TNDs@MC and TNDs@MC after the carbonization of PDA layers
Carbon/TiO 2 nanocomposites (TNTs@MC and TNDs@MC) were obtained by the calcination of TNTs@PDA and TNDs@PDA in flowing N 2 at 800 • C for 3 h, in which the PDA layers were converted into the mesoporous carbonaceous layer through carbonization. Figure 2 shows the typical TEM images of the obtained nanocomposites of TNTs@MC-5 h and TNDs@MC-5 h with uniform carbonaceous layers. The high magnification TEM images (figures 2(b) and (d)) further demonstrate the detailed structure of the carbonaceous layer. The thickness of the carbonaceous layer in TNTs@MC-2 h, TNDs@MC-5 h, TNTs@MC-5 h, and TNDs@MC-12 h and TNTs@MC-24 h (figures 2 and S5 available at stacks. iop.org/Nano/23/325602/mmedia) is about 10 nm, 20 nm, 20 nm, 40 nm and 60 nm, respectively, which is thinner than that of the corresponding PDA layer before calcination. However, there is still a tight relationship between the PDA layer and the carbonaceous layer, and the thicker the PDA layer, the thicker the carbonaceous layer. In addition, all the obtained carbonaceous layers exhibit a disordered mesoporous structure (inset of figures 2(b) and (d)). In addition, TEM images also show that the TNTs in TNTs@PDA are converted into short separated rod-like nanoparticles after calcination, and the corresponding XRD patterns (figure 3) indicate these nanoparticles are ascribed to the anatase TiO 2 phase (JCPDS card no. 21-1272). Thus, a final peapod-like structure is formed in the as-prepared TNTs@MC. However, both the morphology and anatase TiO 2 phase (figure 3) of the TNDs in the nanocomposites are kept after calcination. So, both TNTs@PDA and TNDs@PDA are changed into TiO 2 /mesoporous carbon nanocomposites (TiO 2 @MC) after calcination. SEM measurements (figure S6, in supplementary data available at stacks.iop.org/Nano/23/ 325602/mmedia) show that the surfaces of TNTs@MC (or TNDs@MC) are much rougher when compared with the original TNTs@PDA (or TNDs@PDA, figure S1 available at stacks.iop.org/Nano/23/325602/mmedia). In order to further illustrate the porous structure of the carbonaceous layers in TNTs@MC and TNDs@MC, nitrogen adsorption-desorption isotherms were further recorded. The nitrogen adsorption-desorption isotherms and pore distributions of TNTs@MC and TNDs@MC are shown in figure 4 . It is obvious that the isotherms of TNTs@MC and TNDs@MC are classified as type IV according to IUPAC classification, and a distinct hysteresis loop in the range of 0.45-1.0 P/P0 is observed, which is the typical character of mesoporous materials. The pore size distribution of TNDs@MC has only one peak of 3.9 nm. Meanwhile, that of TNTs@MC has two peaks of 3.9 and 6.4 nm, respectively. The larger pore of 6.4 nm is attributed to the inner space among the separated anatase TiO 2 nanoparticles inside the carbonaceous layer. The pore size distribution around 3.9 nm for both TNTs@MC and TNDs@MC is narrow (3-4.5 nm), indicating the uniform mesoporous structure in the carbonaceous layers. The BET surface area of the samples can be controlled from 220 to 370 m 2 g −1 by adjusting the thickness of PDA layer. The high surface area should benefit greatly from the presence of a significant number of mesopores in the carbonaceous layers generated in situ by the carbonization of the PDA layers. The BET surface area of TNTs@MC is higher than that of TNDs@MC, owing to the extra surface area of the TiO 2 nanoparticles inside TNTs@MC. Other calculated textural parameters of pore structure are available in table S2 in supplementary data (available at stacks.iop.org/Nano/23/325602/mmedia).
Preparation of TiO 2 @MC@MO nanocomposites
According to Lee and Messersmith, PDA is easily adsorbs metal ions or particles. Thus, we naturally considered to further functionalize TNTs@PDA with the other metal oxides. The experiments are very simple; just by putting the nanocomposites into the metal salt solutions, the abundant functional groups of PDA layers can immediately adsorb metal ions from the solution. Subsequently, the salt-adsorbed nanocomposites were calcined in N 2 at 800 • C for 3 h, through which the PDA layers were changed into the mesoporous carbon layers while the adsorbed metal ions were changed into metal oxides to get the three-component TiO 2 @MC@MO nanocomposites. Figure 5 shows typical TEM images of the obtained TiO 2 @MC@SnO 2 and TiO 2 @MC@CeO 2 nanocomposites. All of them display a three-layered core-shell-corona structure with the metal oxides homogeneously dispersed without aggregation at the outmost coronae. From the high resolution TEM image (figures 5(b) and (d)), the SnO 2 and CeO 2 nanocrystals The advantages of such a technique for preparing three-component and three-layered nanocomposites lie in the facile process, highly compact and dispersed nanosized metal oxides in the outmost coronae, the multifunctional multilayer structure and the in situ formed mesoporous carbonaceous structure. In fact, besides SnO 2 and CeO 2 , such a technique is almost universal for coating many other kinds of nano-metal oxides on the surface of TiO 2 @MC composites due to the strong adsorption ability of PDA. These combined advantages are difficult to achieve together by other nanofabrication techniques.
Conclusions
In conclusion, we have reported a novel approach for fabricating TiO 2 @mesoporous carbon and TiO 2 @MC@MO nanocomposites through two simple steps, including the immersion in dopamine solution and calcination under an inert atmosphere. The mesoporous carbon layers have a narrow pore distribution of 3.9 nm and are formed in situ by a simple calcination process without the addition of any other pore inducing agents. This nanofabrication method is distinctive in its facile preparation process, the use of simple ingredients, mild reaction conditions, multilayer and multi-component structures, and its generality. No templates, no rigorous reaction conditions and no special equipment are needed. With the unique morphologies and structures, these multi-component and multilayer nanocomposites are promising for applications in photocatalysis, photovoltaic devices, energy storage and so forth. This works are still in progress in our lab.
